Calcium phosphate cement with a silicate ion releasing ability was prepared using a paste of ¡-tricalcium phosphate and a trace amount of calcium silicate hydrate gel with distilled water as a liquid phase. Hydroxyapatite formed via an amorphous calcium phosphate by adding calcium silicate hydrate gel. The existence of calcium silicate hydrate gels influenced on the amount, crystalline size and chemical composition of the formed hydroxyapatite. The Formation of hydroxyapatite and amorphous calcium phosphate led to developing the compressive strength of the cement after the solidification. The incorporation of less than 0.5 mass % calcium silicate hydrate gel into the ¡-tricalcium phosphate paste induced silicate ion release in the cement in Trisbuffer solution.
Introduction
Injectable calcium phosphate cement can be used in medical and dental surgery for bone regeneration, 1),2) as discovered by Brown and Chow in 1983 . 3) , 4) This type of cement is produced by the interaction of two phases, a solid such as calcium phosphate powder and a liquid such as pure water or saline solution. After mixing these phases, the paste progressively sets and hardens into a solid mass. The transformation of calcium phosphate powder to hydroxyapatite by dissolution and precipitation because of the different solubilities of calcium phosphates plays an important role in solidification, e.g. the setting and hardening of the paste. 5), 6) Some inorganic ions such as silicate and calcium ions that are released from the material have been proposed to enhance bone forming ability by gene activation. 7) , 8) Incorporating inorganic ions into calcium phosphate cement is important for the enhancement of their bone forming abilities. Considering the solubility curves of calcium phosphates, 4) hydroxyapatite tends to form with an increase in solution pH. Calcium silicates tend to increase alkalinity upon dissolution and, therefore, they are potential candidates for fillers in cement. Some researcher has reported the preparation of calcium phosphate cement combined with calcium silicates or bioactive silicate glass. 9)11) Amorphous calcium silicate hydrate (CSH) gels with a high specific surface area can be hydrothermally prepared in a CaO SiO 2 H 2 O system with Ca/Si ratios of 0.53.0 at less than 200°C. 12),13) CSH gels consist of monomer silicate anions with silanol groups. Silanol groups have been proposed to be the functional group responsible for inducing hydroxyapatite nucleation in a body fluid. 14) Recently, mesoporous ordered silica materials, e.g., SBA-15 and ultra-large pore SBA-15, which are the presence of surface silanol group, was reported to be good seed materials that accelerate the nucleation and growth of hydroxyapatite. 15) The use of CSH gel as an additive in calcium phosphate cement may allow for the inducing the apatite nucleation during the solidification reaction. CSH gels have been reported to release silicon and calcium ions in distilled water due to their dissolution. 16) The dissolution of CSH gel combined with calcium phosphate cement results in a silicate ion releasing ability. It has been reported that calcium phosphate cements containing 10 and 20 mass % of low crystalline calcium silicate have a higher cell proliferation in vitro test than only calcium phosphate cement. 17) However, more than 5 mass % content of the calcium silicate in the cements increased with increasing the setting time and decreasing the compressive strength. Introduction of a small amount of additive less than 5 mass % into the cements is an important key to maintain the physical properties, originated from the formation of hydroxyapatite, and induce silicate ion releasing ability.
¡-Tricalcium phosphate (¡-TCP) is the reactant in the cement. It has been reported that the progressive hydrolysis of ¡-TCP occurs according to the following reaction, and this causes a solidification of this cementing system because of the precipitation of calcium-deficient hydroxyapatite crystals. 18) 
In this work, calcium phosphate cement was prepared using ¡-TCP and a trace amount of CSH gel to determine the influence of the additive on the transformation of hydroxyapatite and to induce a silicate ion releasing ability.
Experimental procedure
¡-TCP (Wako Pure Chemical Industries Ltd., Osaka, Japan) was used as a starting material. CSH gel with silicate and calcium ion releasing ability was used as an additive. Silica gel (Fuji Silysia Chemical Ltd., Aichi, Japan) and calcium hydroxide were used in the preparation of CSH gel. Calcium hydroxide was obtained by adding distilled water to calcium oxide, which was prepared by the calcination of calcium carbonate (Wako Pure Chemical Industries Ltd., Osaka, Japan) at 1000°C for 3 h. These materials were mixed at a Ca/Si molar ratio of 1, and then the mixture was added to distilled water. The slurry was hydrothermally reacted at 120°C for 5 h to prepare CSH gel. The hydrothermal reaction was carried out at a liquid/solid ratio of 25. The CSH gels were air dried at 80°C for 24 h and subsequently stored in vacuum desiccators for further experiments. The specific surface area of the prepared CSH gel was around 150 m 2 ·g 1 as determined by nitrogen gas sorption analysis.
0.1 and 0.5 mass % of CSH gel was added to ¡-TCP in the solid phase. The amount of the CSH gels was determined by an optimization process based on a trial-and-error approach to achieve satisfactory results in terms of adequate strength and hydroxyapatite formation after cement solidification. For clarifying the reaction of ¡-TCP, distilled water was added as a liquid phase to the mixed powders to prepare pastes with a solid/liquid mass ratio of 2. The paste was poured into the mold (6 mmº © 12 mmt), and kept at 37°C and at 100% relative humidity over 24 h for solidification. The pastes containing 0.1 and 0.5 mass % CSH gel were designated CSH01 and CSH05, respectively. For comparison, the paste without CSH gel was used as a control material (TCP).
The crystal phases of the samples were analyzed by X-ray diffractometer (XRD; PANalytical, X'pert-MPD) using Cu K¡ radiation and operating at 45 kV and 40 mA. The fracture surface morphology was observed by scanning electron microscopy (SEM; JEOL, JSM-6301F) incorporating X-ray microanalysis using energy dispersive spectrometry (EDS; Noran instruments, Vantage) and operating at 15 kV. The compressive strength of the samples after 24 h of solidification was estimated by a compression test at a loading rate of 1.0 mm/min. The apparent density of the samples after 24 h of solidification was measured by dividing its weight by its volume. To measure the amount of ions released from the sample, 0.4 g of sample was obtained after 24 h of solidification and it was soaked in 5 mL of 50 mM Tris-buffer solution in (CH 2 OH) 3 CNH 2 and 45 mM HCl at a pH of 7.4 at 37°C for 5 d in a polypropylene beaker. The concentration of the released ions in the Tris-buffer solution was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES; Shimadzu, ICPS-7000, Kyoto, Japan). At least three samples were used for each evaluation.
Results and discussion
3.1 Transformation of ¡-TCP to hydroxyapatite Figure 1 shows XRD patterns of samples obtained after solidification. In each pattern after 3 h of solidification, new peaks corresponding to hydroxyapatite are present as peaks corresponding to ¡-TCP. The peaks corresponding to ¡-TCP decreased with an increase in solidification time. By contrast, peaks corresponding to hydroxyapatite increased with an increase in solidification time. No peaks corresponding to ¡-TCP were observed in the XRD pattern of CSH01 and TCP after 24 h of solidification. For CSH05, peaks corresponding to ¡-TCP were clearly present in the XRD pattern even after 24 h of solidification. The peaks corresponding to ¡-TCP were observed in the XRD pattern of ¡-TCP cement containing mesoporous silica more than 5 mass % even after 1 week at 37°C and 100% relative humidity. 15) The amount of additives into the cement plays an important role in phase conversion of ¡-TCP to hydroxyapatite.
To evaluate the transformation of ¡-TCP to hydroxyapatite during solidification, the peak integrated ratios of ¡-TCP to hydroxyapatite, [I ¡-TCP(034) /I silicon(111) ] and [I hydroxyapatite(002) / I silicon(111) ], were estimated by semi-quantitative XRD analysis using silicon as an internal standard. I ¡-TCP(034) , I hydroxyapatite(002) , and I silicon(111) represent peak integrals around 30.6°for ¡-TCP(034), around 25.8°for hydroxyapatite(002), and around 28.3°for silicon(111), respectively. Figure 2 shows the relationship between these ratios and the solidification times. The reaction rates of ¡-TCP in CSH01 and TCP show a similar trend to the solidification time. The amount of ¡-TCP in these samples decreased rapidly during the first 6 h and then tended to decrease gradually. The ¡-TCP ratio of CSH05 decreased gradually with an increase in the solidification time. In our preliminary experi- ments, peaks corresponding to ¡-TCP were observed in the XRD pattern even after 24 h of solidification using the paste containing 1 mass % of CSH gel. The pH increased dramatically to ³9 at the initial stage after CSH gel was soaked in distilled water with a solid/liquid mass ratio of 1/1000. Considering the solubility curves of calcium phosphates, the solubility of ¡-TCP decreases with increase in pH of a solution. Therefore, the addition of more than 0.5 mass % CSH gel to the paste causes an increase in alkalinity because of the dissolution of CSH gel leading to a suppression of the dissolution of ¡-TCP under these experimental conditions.
After the solidification of CSH01, the amount of formed hydroxyapatite increased dramatically over the first 3 h and increased gradually from 3 to 18 h and it subsequently stabilized. For CSH05, the ratio of hydroxyapatite increased rapidly during the first 3 h and remained constant from 3 to 9 h and it then increased with solidification time. By contrast, the amount of formed hydroxyapatite in TCP increased logarithmically with an increase in solidification time. TCP had the highest hydroxyapatite content among the samples after 24 h of solidification. This implies that the addition of CSH gel influences the amount of formed hydroxyapatite. The amount of hydroxyapatite in CSH05 after 24 h of solidification was higher than that in CSH01. The crystalline size of the hydroxyapatite formed after 24 f of the solidification was estimated by the Scherrer equation using full width at half maximum of peak for hydroxyapatite(002). The size of TCP, CSH01 and CSH05 was determined to be ³60, ³70 and ³70 nm, respectively. The existence of CSH gel in the cement during the solidification leads to increase in the crystalline size of the formed hydroxyapatite. Figure 3 shows SEM micrographs of the fracture surface of samples after 24 h of solidification. The micrographs of all samples showed plate-like morphology, which is characteristic of hydroxyapatite crystals, and they were of similar size. EDS analysis results showed that the deposits in CSH01 and CSH05 only contain Ca and P in Ca/P ratios of 1.341.40. No silicon was detected since its content in the paste is very small at less than 0.5 mass %. TCP included Ca and P in its composition with a 1.52 Ca/P ratio. The hydration of ¡-TCP is known to lead to the formation of calcium-defective hydroxyapatite 18) and this agrees with our experimental result. The formation of apatite on Bioglass-type glass and glass-ceramic A-W has been proposed to be preceded by the formation of amorphous calcium phosphate with a low Ca/P in vitro test. 19 ),20) XRD analysis showed that TCP had a higher hydroxyapatite content than CSH01 without ¡-TCP in both samples obtained after 24 h of solidification. It is proposed that the CSH gel causes hydroxyapatite formation via an amorphous calcium phosphate in the cementing system. CSH05 obtained after 24 h of solidification contained ¡-TCP and hydroxyapatite, which was a higher amount than CSH01. This implies that the amount of CSH gel increases with increasing the amount of silanol groups, leading to accelerating the hydroxyapatite nucleation under the experimental condition. Figure 4 shows the concentration of released Si 4+ ions after JCS-Japan soaking CSH01 and CSH05, and these were obtained after 24 h of solidification in Tris-buffer solutions over various periods. After soaking CSH01, the concentration of Si 4+ ions increased gradually to ³10 ppm with time. For CSH05, the concentration of Si 4+ ions increased linearly up to ³30 ppm. The incorporation of CSH gel into ¡-TCP endowed the cement with a silicate ion releasing ability. The concentration of silicate ions released from CSH05 into the solution was higher than that from CSH01. Calcium phosphate cement containing 5 mass % of calcium silicates was reported to release about 50 ppm of silicon ions after 4 d of soaking in simulated body fluid. 17) It implies that the silicon ion releasing ability of the cement depends on the amount of the additive. The optimal concentration at which silicon induces cell functions has not been fully determined. Cell proliferation using an osteosarcoma-derived MG63 cell line in the presence of approximately 110 ppm silicon containing media progressively increased with culture time, whereas at approximately 170 ppm it reduced significantly. 21) It has been reported that significant apoptosis of approximately 50% was observed when using human osteoblast cells upon culturing in a medium containing 230 ppm Si 4+ ions that were released from 58S foam. 22) It is assumed that the Si 4+ ions released by these samples cause enhancement of cell proliferation for osteoblasts.
Characterization of samples obtained after 24 h of solidification
By contrast, no calcium ion was not detected in the Tris-buffer solution after the CSH01 and CSH05 was soaked. It has been reported that the surface potential of sintered hydroxyapatite reveals a negative charge by calcium-poor amorphous calcium phosphate formed on the material in a simulated body fluid. 23) The presence of the amorphous calcium phosphate in CSH01 and CSH05 may contribute to interact with the Ca 2+ ions released from the CSH gel. These results were obtained after soaking in Tris-buffer solution used as a first step of ion releasing ability tests. However, our body fluid contains many kinds of inorganic ions and proteins, and so on. For deeper discussion on ion releasing ability of the materials, investigation using simulated body fluid and cell culture medium with/without serum as a solution is now in progress.
The compressive strength of CSH01 (17.9 « 1.2 MPa) was almost the same as that of TCP (20.0 « 2.5 MPa). CSH05 had a significantly lower strength (11.9 « 3.4 MPa) than the other samples. The apparent density of CSH01, CSH05, and TCP was 1.55 « 0.12, 1.52 « 0.09, and 1.55 « 0.10 g/cm 3 , respectively. The hydroxyapatite content in TCP was higher than that in CSH01. Moreover, there were no peaks corresponding to ¡-TCP in CSH01 and TCP, as shown in Fig. 1 . These results imply that amorphous calcium phosphate as a precursor of hydroxyapatite in this cement system contribute to development of the strength. On the other hand, CSH05 consisted of hydroxyapatite and ¡-TCP. The strength of the samples also depends on the presence of unreacted ¡-TCP. We propose that a paste containing 0.1 mass % CSH gel is a preferred paste for use as an injectable calcium phosphate cement to release silicate ions.
Conclusions
A trace amount of calcium silicate hydrate gel was added to a paste containing ¡-tricalcium phosphate to introduce an inorganic ion releasing ability. The addition of 0.5 mass % calcium silicate hydrate gel to the paste increased the alkalinity of the paste because of the dissolution of calcium silicate hydrate gel leading to a suppression of the dissolution of ¡-tricalcium phosphate. The crystalline size and chemical composition of the formed hydroxyapatite influenced the amount of calcium silicate hydrate gel. Calcium silicate hydrate gel was a seed candidate for accelerating the hydroxyapatite nucleation of the ¡-tricalcium phosphate cement. The compressive strength of the solidified samples was shown to play an important role in formation of hydroxyapatite and amorphous calcium phosphate. Less than 0.5 mass % calcium silicate hydrate gel in the paste introduced silicate ion releasing ability.
